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I. INTRODUCTION 


Supersymmetric grand unified theories are among the most attractive scenarios for physics 
beyond the Standard Model. They are well motivated by superstring theories which may 
lead to a consistent theory of all interactions. Of these, SU(5) models have been studied 
extensively. The minimal SU(5) models predicted too large a decay rate for the proton and 
had to be modified. More recently, doubts have been raised about the validity of even modi¬ 
fied SU(5) models, due to the discovery of solar 1] and atmospheric [3] neutrino oscillations. 
Small neutrino masses can be explained most elegantly through the seesaw mechanism, 
which requires the presence of a right-handed neutrino, a particle not naturally present in 
the spectrum of SU(5). Though scenarios with an extended neutrino sector exist in SU(5), 
it is worthwhile investigating Grand Unified Theories (GUTs) which naturally contain the 
right-handed neutrino. Experimental data from the Los Alamos Liquid Scintillation Detec¬ 


tor (LSND) requires neutrino mass square splittings |3[ which are in serious disagreement 


narios have been studied extensively 




with other results unless one or more neutrinos are added and are “sterile” [i]. Such sce- 


Since the mixing of 


sterile and active neutrinos affects the interpretation of results from solar and atmospheric 
neutrino experiments, limits have been set on such mixings. 

Sterile neutrinos can occur naturally in supersymmetric GUTs, which often predict the 
existence of exotic fermions. Of these, superstring-inspired Eq is one of the most attractive 
choices. Eq is the next anomaly-free choice group after SO (10). It is based on an exceptional 
Lie group with complex representations, where each generation of fermions can be placed in 
the 27-plet representation. 

The Eq spectrum contains several neutral exotic fermions, some which could be inter¬ 
preted as sterile neutrinos. The precise details of mass generation and mixing with the 
active neutrinos would depend the particular subgroup of Eq considered. There are many 
phenomenologically acceptable low energy models which arise from Eq. In this work we 
concentrate on rank-5 subgroups, which always break to SU(3) C x SU{2)l x U(1)y x U( 1) v 
jlll flfil|. and which contain an extra 577(2) symmetry in addition to the MSSM symmetry. 
These intermediate subgroups give rise to the usual Supersymmetric Left-Right Model (LR- 
SUSY) jul], the Alternative Left-Right Supersymmetric model (ALR) Q and the Super¬ 


symmetric Inert model 2jjf. In a previous work we have shown that, contrary to expectation, 
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and despite a rich exotic sector in the neutral fermionic sector containing three extra states, 
the non-supersymmetric version of these models did not provide neutrino masses and mix¬ 


ing consistent with neutrino experiments jljj • I 11 this paper we analyze masses and mixings 
of neutrinos in supersymmetric E 6 inspired models. Before we proceed, we summarize our 
previous results. 

In the non-supersymmetric version of either the ALR or the Inert model (and the discus¬ 
sion is the same for the LR model), the lightest state in the neutral fermion sector contains 
only SU(2)l singlets, which do not interact with SM particles. Additionally, the models 
predict two more light neutrino states with masses of the order of the up quark mass. These 
are phenomenologically unacceptable. In order to cure these problems, additional symme¬ 
tries and/or new interactions are needed. In the simplest such non-minimal scenario, the 
Discrete Symmetry method requires imposing one extra discrete symmetry only. The aim is 
to eliminate the tree-level Dirac mass in the Lagrangian, thus generating radiative masses 
only for neutrinos. This method requires an extra SU(2)l Higgs doublet with vanishing 
vacuum expectation value (vev). It cures the Dirac neutrino mass problem, but predicts 
large mixing between active and sterile states. 

The second method, the Higher Dimensional Operators (HDO) method, requires addi¬ 
tional Higgs fields from the 27-plet of E 6 and the existence of some intermediate scale. 
Higher dimensional (dimension-5) operators induce interactions which are suppressed by 
one power of the compactihcation scale. This method solves the neutrino mass problems 
but does not predict any sterile component(s) in the lightest neutrino state, which is now 
an admixture of vl and Nl, an exotic (SU(2)l doublet) particle. The effect of this mixing 
is to lower the electron neutrino coupling to the electron and the W^. There exist similar 
reductions for the muon and tau couplings. Furthermore, when the reduction is different for 


f. Q 


each generation, this will violate lepton universality. See Ref. 119] for details. 

The last method introduced is the Additional Neutral Fermion (ANF), which requires the 
existence of both new particles and new discrete symmetries. The additional interactions 
are of the type 27-27-1, which further require additional Higgs doublets from the 27 + 27 
representation. In order not to alter existing couplings, the vev’s of the new fields must be 
chosen suitably, and an additional Z 2 symmetry is needed. In these circumstances, we obtain 
two light states with an active neutrino part of the form predicted by the HDO method, 
but mixed with a sterile flavor state. The mixing is completely arbitrary. Extended to three 
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generations, the model contains two structures, 2 + 2 and 3 + 1, or, if the above mixing 
is sizable only for one generation, the 2 + 2 structure arises naturally. Otherwise, more 
realistically, including three generations for each exotic neutral fermion, we obtain a 3 + 3 
structure. 

This paper is organized as follows. We discuss supersymmetrized versions of the Alter¬ 
native Left-Right and Inert models in Section |H| In Section Hill we analyze neutrino masses 
and mixings in the ALR and Inert models within the R-parity conserving scenario. Both 
of these models suffer from predicting too large a Dirac mass for the active neutrinos. The 
possible mixing between R = +1 and R = — 1 sectors through soft R-parity violating terms 
is discussed for each models separately in Section |TV] and in an Appendix. All possible 
hierarchies among the parameters exhibit the feature that the physically relevant state still 
has too large a mass and the lightest state is fully sterile. So, in Section IB we suggest 
mechanisms for going beyond the minimal content of the models in order to rectify this 
problem. We conclude and summarize our results in Section IVTl 


II. DESCRIPTION OF THE MODELS 

The details of the models are given in our earlier work Q]. Here we would like to 
summarize our previous results and concentrate on the Higgs sectors of the SUSY models 
where the difference occurs with respect to their non-SUSY versions. 

Under the maximal subgroup SU(3)c ® SU(3)l ® SU(3)h of U 6 , the 27 dimensional 
representation of E 6 branches into 


where 


27 = (3 C , 3,1) + (3 C , 1, 3) + (l c , 3, 3) 

= q + q + i, 


( 2 . 1 ) 



M 


E c N v 

q = 

d 

, q=(u c d c h c ) Ll 1 = 

N c E e 


h J 


i e c S c , 


( 2 . 2 ) 


\ / L \ / L 

Here SU(3)h operates horizontally. There are three different ways to break SU(3)h into 
SU(2)h <S> U{1)y h - When the first and the second columns form a SU(2)h doublet, the so- 
called Left-Right (LR) symmetric model is obtained. Its alternative version is when the first 
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TABLE I : The quantum numbers of fermions in 27 of Eq at SU(3)c <8> SU( 2)l <S> SU(2) R t <g> 
U{1) v =y l +y r , and SU{ 3) c ® SU{ 2) L ® 517(2)/ ® R(l)y levels. 


state 

hL 

hw 

hi 

V/2 

Y/2 

Qem 

ul 

1/2 

0 

0 

1/6 

1/6 

2/3 

u l 

0 

-1/2 

0 

-1/6 

-2/3 

-2/3 

dL 

-1/2 

0 

0 

1/6 

1/6 

-1/3 

d c L 

0 

0 

-1/2 

1/3 

1/3 

1/3 

hL 

0 

0 

0 

-1/3 

-1/3 

-1/3 

h c L 

0 

1/2 

1/2 

-1/6 

1/3 

1/3 

&L 

-1/2 

-1/2 

-1/2 

0 

-1/2 

-1 

e L 

0 

1/2 

0 

1/2 

1 

1 

E l 

-1/2 

0 

1/2 

-1/2 

-1/2 

-1 

E c l 

1/2 

1/2 

0 

0 

1/2 

1 

VL 

1/2 

-1/2 

-1/2 

0 

-1/2 

0 

"I 

0 

0 

1/2 

0 

0 

0 

N l 

1/2 

0 

1/2 

-1/2 

-1/2 

0 

n l 

-1/2 

1/2 

0 

0 

1/2 

0 

SI 

0 

-1/2 

-1/2 

1/2 

0 

0 


and the third columns form a doublet, which is the Alternative Left-Right (ALR) symmetric 
model. The last combination is when the second and the third columns combine to form a 
doublet and the Inert model is obtained. See Ref. jit]] for more details. 

In the LR and ALR models, both SU(2)h and U(1)y h contribute to the electromagnetic 
charge Q em . In the Inert model, however, SU(2)h does not contribute to Q em , which leads 
to neutral gauge bosons and a very different phenomenology 0 . We will use the notation 
H — R, R', I; Y H = Y R>Rf; j for the LR, ALR and Inert groups, respectively. We consider their 
rank-5 versions whose gauge groups are SU(3)c 0 SU(2) L 0 SU(2) R 0 U(l)v, SU(3)c 0 
SU(2) L ®SU(2) IV ®U(1) V , and SU{3) 0 ®SU(2) L ®SU(2)f®U{l) Y for LR, ALR and Inert 
cases, respectively. The quantum numbers of the particles in the ALR and Inert models are 
given in Table 0 
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The Higgs sector of E 6 in the SUSY scenario differs from the non-SUSY case. Since SUSY 
requires doubling the number of particles, there exist many scalar fields, some of which may 
be taken as the Higgs bosons required for symmetry breaking. In fact, there are two ways 
to proceed [u]]. One could assign the Higgs fields to the same 27 (or to a 27) as the usual 
fermions and then some of the superpartners of the fermions can play the role of the Higgs 
fields. Or, it is possible to assign them to different 27 representations than the fermions, 
and the Higgs fields are introduced as additional scalars. The latter is less economical than 
the former and very similar to the non-SUSY case which was discussed in the earlier paper 
jlflj |. So we choose to work in the former framework. In fact, our approach is to choose as 
many Higgs bosons as possible among the superpartners of lepton fields and consider other 
scalars from different 27’s only if necessary. 

To analyze the Higgs sector further, we need to write the most general .R-parity conserving 


renormalizable superpotential invariant under the Standard Model gauge group 


G 


w = w 1 + w 2 + w 3 + w 4 , 

W, = Ai Qu c l H c + X 2 Qd c L H + X 3 Le c L H + X 4 HH C S C L + X 5 h L h c L S c L , 

W 2 = A ehiu c L e c L + A jLQh c L + A %d c L v^hi ,, 

W 3 = X 9 QQh L + X w h c L u c L d c L , 

W 4 = A u LH c u c l , (2.3) 

where the following notation is used: 



In each term in W, one of three fields corresponds to a scalar field and thus each term 
represents three different Yukawa interactions. We later discuss the ALR and Inert models 
by further imposing SU( 2) symmetries on the superpotential W, which reduces the number 
of independent Yukawa couplings. Now, before choosing the Higgs fields to be superpartners 
of the fermions, we first must determine the baryon (B) and lepton (L) numbers (and R 
parity) of the exotic fields (the ones in Table |U other than the Standard Model fields). To 
get consistent B and L assignments, not all of the terms in W can exist simultaneously. 
Possibilities can be classified with respect to the (B,L,R) assignments of the fields hi and 
v c L . The existence of the UVterm requires (B, L, R)h L = (1/3,1,-1) ( Iil is a leptoquark), 
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the WVterrn requires (B, L, R)h L = (— 2 /3, 0 , — 1 ) (hi is a diquark). Clearly, both the W 2 
and W 3 terms can not exist simultaneously without violating baryon and lepton numbers. If 
one wished to treat hi as an ordinary quark 1 , ( B , L, R)h l = (1/3, 0, +1), then both W 2 and 
W 3 would be eliminated. For the z/£ held there are two possibilities; (B , L, R) v c L = (0,1, +1) 
or (B, L, R)ui — (0,0,— 1). Unlike the former, the latter assignment allows a non-zero vev 
for the superpartner of zz£, h£, without violating lepton number. But this non-zero vev is 
needed only for rank -6 models. In our discussion, we are free to choose either way, and we 
follow the former since rank-5 models are considered. In addition, inducing a negative mass 
for z/£ via the renormalization group may not always be possible due to the necessity of large 
Yukawa couplings ju], 2l|. In the rest of our discussion we take Hl as leptoquark (IU 3 = 0), 
for reasons to be discussed shortly and call for the usual assignment to z/£. 

Now, the ALR and Inert models are defined as follows: 

1. The ALR Model: 

The SU( 2) symmetry (the so-called SU(2)r>), H c <=> L, u c L h c L , e£ ££, imposed 
on the superpotential W, gives rise to the effective rank-5 version of ALR model 
and sets the following relations among A’s: Ai = A 7 , A 3 = A 4 , A 5 = A 6 . Hence, by 
modifying the Yukawa couplings accordingly, the superpotential for the ALR model is 
written in a more compact form 


IUalr = -\iL c a F a H + ^-F A F A v c L + \ 3 QF A X C A + \ 4 d c L QH 


+A 5 h L X c A L c A + A 6 h L div c i 



(2.5) 


where the following definitions are used in the first form of the above equation: 



( 2 . 6 ) 


1 In fact, no direct constraint comes from the Wi-term, but all other considerations lead to a stable hi 
which is phenomenologically problematic. See Ref. for details. 
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When the usual assignments of the Standard Model fields are taken, the 
baryon and the lepton numbers (with imparity) of the exotics are (B,L,R)h = 
( 0 , 0 ,— 1 ), (B, L, R)si = ( 0 , 0 ,— 1 ). As discussed above, of the two possible assign¬ 
ments for z/£ in ALR model, the choice (B, L, R) v ^ = (0, —1,1) is adopted. We also 
choose Iil as a leptoquark (B, L, R)h L = (1/3, 1 , — 1 ). It should be noted that even 
though there are three possibilities for the assignments of the h l quantum numbers 
(leptoquark, di-quark or quark) at the E e level, hi is forced to be a leptoquark in both 
the ALR and Inert models. This is simply because of the fact that the SU( 2) symme¬ 
tries which convert e c L <=>• S C L and u£ 5£ for the ALR and Inert models respectively 
would otherwise be broken. 


Thus, the superpartners of Nl, A£ and S C L (Nl, iV£, 5£) are possible candidates which 
can play the role of the neutral Higgs fields. So the Higgs sector of the ALR model 
that we adopt is 


Hi = (<Pt S C L ) , 



(2.7) 


Here the non-zero vev’s are (5£) = Ni, (Nl) — Vi, (A£) = v- Al (<fP s ) = N 2 . In prin¬ 
ciple, one could have a non-zero vev for v Tj1 but this would violate lepton number 
(the neutrino, vl, would get a large Majorana mass, through Zl exchange, of order 
( Vl) 2 /Mz l ). We will assume that Ul has no vev for the moment, but will mention the 
effects of the other possibility later. This other possibility could be acceptable if, for 
example, the vl comes from a different 27 than the Standard model fermions. One 
can choose 4>° s to be a singlet or h£. In the latter case, either N 2 needs to be zero or 
(B, L, R) u c = (0, 0, —1) should be adopted. Here, we keep our discussion general. 


2. The Inert Model: 


In this case, the 577(2) symmetry (the so-called 577(2)/), H <(=> L, d c L h c L , n£ 5£, 
imposed on the superpotential W of Eq. (USD leads to the effective rank-5 version 
of the Inert model. Thus, the following relations among the Yukawa couplings hold: 
A2 = A7, A4 = An, A5 = Ag. Similar to the ALR model case, the superpotential of the 
Inert model is expressed as 


Wi nert = X\L c r F r H c - FjFjel + A'h/A/W, + A' h L u c L e c L + \' 5 Qu c H c + A' 6 QY£F/ 
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= A; (v l v c l N c l + N l N c l S c l + E l E c l S c l + e L z/£££) 

+A 2 (eie c L Ni + vlv c l N c l + c c l ElUl ) + A 3 (hih c L S1 + /tL<i£z/£) + A ' 4 hiu c L e c L 
+A ' 5 K<fV£ + d L u c L E c L ) 

+Ag ( d L d c L N L + d L h c L v L + u L d c L E L + u L h c L e L ) , (2.8) 


where the following definitions are used 


F 7 ee (tf L) l = 


/ Ad, ^ 

\E l e L 


L\\ = K S C ) L , A 7 = (h c d c ) L . 


(2.9) 


The baryon and lepton number assignments for exotics are similar to the ALR model. 
(B, L, R)h = (0, 0 , — 1 ) and (B, L, R)si = (0, 0 , — 1 ) apply and hi is also considered as 
leptoquark as discussed above. Unlike the ALR case, v c L is forced to have assignments 
(B, L, R ) v c = (0, —1,1). Thus, a vev for is not allowed unless lepton flavor violating 
interactions are included. From these considerations we choose the Higgs content of 
the model as follows 


Hd = (fs Si) . 





( 2 . 10 ) 


with the following vev’s, (5'£) = Ad, (N L ) = Vi, (iV£) = u 3 , (cj) 0 s ) = N 2 . Here the 
SU(2)i doublet Hd is electrically neutral while (p° s is possibly taken as ££ with zero 
vev. As before, we assume that (ul) = 0 , but will consider the alternative possibility 
later. 


III. NEUTRINOS IN THE ALR AND INERT MODELS 


In this section we analyze the neutral fermion sectors of both the ALR and Inert models 2 
by using the superpotentials given in Eqs. (USD and m- The superpotentials only describe 
(27) 3 type interactions. Without considering any more particles or new interactions, there 
exists a 5 x 5 “neutrino” mass matrix for each generation. From i?-parity considerations 

2 Since this paper is concentrating on neutrinos, we will not discuss mixing between light and heavy fields in 
the charged lepton or quark sectors. Such mixing can have a wide range of interesting phenomenological 
effects, see Ref. E3 for a detailed discussion and a list of references. 
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this 5x5 matrix splits into 2x2 and 3x3 submatrices. From Eqs. (ESI) and (12.81) . the 
R = +1 neutral fermion sector spanned by (ul, u c l ) becomes 


m r -+ 1 



(3.1) 


where = X 2 (N E ) = X 2 V 3 in the ALR and m' vuc = Aj' 0,3 in the Inert model. Clearly, the 
ordinary neutrinos have a Dirac mass m vv c which is of the order of the up quark mass in 
both models and the physical state is formed by the maximal mixing of ul and z/£. Either 
an unnatural fine tuning for the Yukawa couplings is needed, or we must introduce a large 
Majorana mass for zA which renders a small Majorana mass for vl through the canonical 
seesaw mechanism |23], Another possibility is to generate a small Dirac one-loop mass by 
eliminating the tree level mass term. The possibilities will be discussed shortly. 

The R = —1 sector is composed of 3 neutral leptons, AT, AT£, SI, and 3 neutral gauge 
fermions corresponding to two the S'f/(2)’s and one U{ 1) group. For simplicity, we assume 
that the gauge fermions get large Majorana mass terms from soft-supersymmetry breaking 
and decouple. The 3x3 Majorana mass matrices in the (AT, AT£, S C L ) basis become 


( 


\A r =- 1 
ALR 


0 

—rriEE c 

-A1U3 


-rriEE c —A1U3 

0 —m ee c 

-m ee c 0 


\ 




( 


, M 


R =-1 
I 


0 


m 


m: 


EE C 


m, 


m 


EE C 

0 

/ 


m 


\ 


m 


w 1 - 

/ 

ee c 

0 


(3.2) 


where m E E c = AiAT m ee c = Ai^i, rn' EEC = Aj N 2 , rn' eeC = Ajiq. Here AdALR(-Adi) is the 
R = — 1 mass matrix in the ALR (Inert) model. Diagonalization of the above matrix for 
the ALR case leads to the states and masses 


Rig) alr ^ -J= (| Nl) ± I AT)), M r 2 ~ ±m EE c, 

I^3 )alr - \Sl), ~ 2\iv 3 m ee c/m E E c , (3.3) 


under the assumption m ee c ~ Aitq -C Mee c ■ Here the superscripts H and L stand for 
the heavy and light states, and Ai can further be express as rn E e c /AA • Similar results 
apply to the Inert model, where the states are the same with masses M [ H 2 = ±m' EEC and 
M' 3 l = — 2m' vv cm' ee c I m' E Eci respectively. Clearly, there are two heavy (|/v 1)2 )alr(i)) states and 
one light (|r 3 )alr(i)) state. The light (mainly sterile) state does not however mix with active 
neutrinos unless R-parity is broken. In the non-SUSY framework j3], without introducing 
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further symmetries or interactions the lightest state is formed by z/£ and SI . In the SUSY 
scenario, it is still possible to mix R — +1 and R — — 1 sectors by including soft-symmetry 
breaking terms 2JJ. This will be discussed in the next section. 

At this stage, one can take (ul e^) with non-zero vev for i>L without changing the above 
results. However, for the case (p° s = v c L with zero vev, the results are modified for the Inert 
model but remain unchanged for ALR. Then, the R = — 1 sector of the Inert model has the 
following states and masses 


/ \ ( v l) 0 1 ( m uu c I A T \ I m ee c | 7 \rc\ i oc\ 

U>1 7! (5F |iVl> + Sy 1 1 


m [ h 2 < ‘U° ±y 


rn'‘i,c + rr/L 


1*4)1 


<*£>=o 


-m' ee c\N l ) + rn! vvC \N c L )), 


Mr 


,L Pi)=° 


0 , 


(3.4) 


M[ H 

For the case (p° s = with non-zero vev (that is, when (B, L, R)u c L = (0, 0, —1) is adopted), 
the R = — 1 sector of the ALR model would be a 4 x 4 matrix. This possibility is solely 
available for the ALR model, since /I'-parity conservation requires A( in Eq. (EED to vanish. 
In ALR, A 2 should be eliminated by imposing some discrete symmetries in order not to 
break i?-parity conservation. However, this also decouples v c L from the 4x4 matrix and 
makes it massless. So, no change occurs in the 3x3 submatrix and both vl and z/£ become 
massless. Note that in this framework z/£ is no longer a Dirac conjugate pair state of the 
active vl neutrino but it is a sterile neutrino with zero lepton number. In the next section, 
we discuss possible mechanisms to generate small Majorana masses for active neutrinos and 
possible mixing between opposite R-parity sectors. 


IV. GIVING MASS THROUGH R-PARITY BREAKING 


24] has been discussed by Ma 


The fact that the i?-parity might be broken by soft terms 
in the context of ALR model |2a|. The idea is as follows. A soft term which describes a 
mixing between vl and A£ can be realized by, for example, giving a vev to z>£ in the FaFaVl 
term of Eq. (El. It can be defined as ^(^A£ — e^^). The presence of such mixing then 
induces a mixing between vj j and the lightest state z/ 3 through a small A£ component of z/ 3 . 
Then, the active neutrino mass matrix is enlarged from 2 x 2 to 3 x 3 and is given by, in 
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the basis (ul, i/£, 5'£) 


/ 


M ^ 1 = 


rn. 


m,. 


V 


m s 


0 

0 


m s 

0 

Mi 


\ 


(4.1) 


where ms = m uu cfi A /mEE c and Mi ~ 2 X 1 v 3 m ee c/mEE c • The corresponding matrix for Inert 
model is M± =+1 = {m vv o(Mi) —> m! vv c(M'^),m s —► m' s = m' w c/i//m' E£c ). Here 

Mg L is defined as Mg L = -2m' wC m( eC /m£ B c We envisage two limiting cases, one for very- 
small compared with Jn E E c -C |Mf | -C m^c (case (i)) and one for f.i A large compared 
with mEE c ; Mi -C ms -C (case (ii)). A third case is possible when n A is comparable 
with mEE c ; \Mi\ -C ms ~ m^c (case (hi)). In the case in which all three, Mi |, rris and 
m uu c are comparable with each other, it is not possible to draw any valuable conclusion from 
analytic calculations. In order get sizable mixing between active and sterile neutrinos while 
they are lying in the correct mass range, it is required to have comparable but small Dirac 
and Majorana masses 3^]. The main results of the above cases and each of the corresponding 
spectra are summarized in Table HT1 in Appendix. 

Summarizing the results from Appendix, one finds that the spectrum has two heavy 
and one light states. The common feature of all cases is that the lightest state is always 
purely sterile, mainly composed of either A£ or S C L and i/£. It has a seesaw type mass as 
given in Appendix. The heavy states have maximal mixing between vl and n£ with a small 
component of S C L . For case (i) (ms -C \Mi\ -C m u „c), the heavy states consist of only u L 
and !/£. They are too heavy to be considered the physical neutrino state as m uu c is at the 
scale of the up quark mass. 

Thus so far no satisfactory pattern for neutrino masses and mixings has been established. 
We are still required to go beyond the minimal picture, as we will discuss in the next section. 

If the z/£ comes from a different 27, and thus can get a non zero vev, then these results are 
unaffected. Choosing (j)° s = ££ with zero vev, however, makes A-parity violation disappear 
and the S C L again decouples. 


The third entry will be represented by <S£ since the lightest state is mainly described by <S£. 
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V. BEYOND THE MINIMAL CONTENT 


As we have seen in the previous sections, the absence of the terms in W 3 , which guarantees 
proton stability, could be a consequence of a discrete symmetry. Note that conventional im¬ 
parity is not sufficient to explain the elimination of some Yukawa couplings. For this purpose, 
an odd Z 2 charge to all Standard Model quarks and h R and an even Z 2 charge to the rest of 
the fields can be assigned. Clearly, invariance under this Z 2 symmetry would require Ag and 
A 10 to be zero. Elimination of other Yukawa couplings can be achieved by imposing further 
symmetries. Depending on whether the neutrinos are Dirac or Majorana particles, we can 
proceed in two ways. 

If one assumes that the neutrino is a Dirac particle, then the Dirac neutrino mass pre¬ 
dicted directly from the superpotential should be much smaller for both models. A solution 
to effectively fine tune the coupling has been proposed by Branco and Geng Jjffij, [ 2 ? |. They 
make the model invariant under a Z 3 symmetry in addition to the Z 2 symmetry considered 
above (this is what we have called the Discrete Symmetry (DS) method in our earlier paper 
jlflj]). Here the Z 3 symmetry distinguishes between generations. The symmetry eliminates 
the tree-level Dirac mass term from the superpotential and induces a smaller one-loop mass. 


In Ref. 


26], the discussion has been carried out at E 6 level without reference to any of its 


subgroups. Assuming the invariance of E e itself under Z 3 symmetry, the breaking of E e to 
the SU(2) R i or SU(2)j symmetries lead to breaking of the Z 3 symmetries. Since the ALR 
and Inert models are treated as different subgroups of E$, one can introduce Z 3 invariance 
after the E e gauge symmetry is broken. 

If neutrinos are considered to be Majorana particles, then generation of small Majorana 
masses for left-handed (active) neutrinos could be achieved by including Higher Dimensional 
Operators (HDO) 


281 ]. One can show that the next available interactions in the Standard 
Model are dimension-5, which can be sizable if one introduces an intermediate scale around 
10 11 GeV and Higgs fields from a 27 representation of Eq. Through the canonical seesaw 
mechanism, in the R = +1 sectors of the models, the small Majorana mass of the left-handed 
active neutrino is generated by having a large Majorana mass for v c L . In the R — — 1 sector, 
SI will also get a large Majorana mass which modifies the results discussed in Section ITTTI 
If one further includes the soft-terms which break R-parity, a large coupling could occur 
between u c L and S C L . So, this framework can give us a picture involving sterile neutrinos, 
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which is promising. 

As an alternative to the above methods, one can extend the minimal content of E§ 
together with its Higgs sector by further considering A 0 -neutral fermion and Higgs fields 
from the split multiplet 27 + 27. This Additional Neutral Fermion (ANF) method was first 
proposed by Mohapatra and Valle j3. [hi [u|. This way, it is possible to produce either the 
Dirac or Majorana neutrinos with small mass. 

Among these methods, the DS is the simplest and the most attractive one as it does not 
require the existence of an intermediate scale or inclusion of new particles (and interactions). 
The ANF method is the most complex, as it requires not only presence of some discrete 
symmetries but also the presence of new interactions. As indicated earlier, the occurrence of 
sterile neutrino components in the physical states can only be possible through soft-breaking 
terms. We now analyze these methods in the following subsections. 

A. The Discrete Symmetry Method 

As discussed above, a Z 2 symmetry which assigns odd charges to Q : u c L: d c L ,h L ,h c L fields 
and even charges to the rest may be required to explain the absence of M^-terms. The 
DS method, as we will show, also imposes a Z 3 symmetry which eliminates the tree-level 
and makes it appear at one-loop. It is thus much smaller. Unlike the Inert case, 
in the ALR model does not depend on m vv c. So, one-loop Dirac mass generation for 
neutrinos doesn’t affect M % and make it comparable or even bigger than the m ul/ c generated 
at one-loop (say , m]^,l oov ) in ALR. The cases for ALR should thus be reconsidered under 
the circumstance •C ml~l oop ~ . As a result case (ii) is irrelevant and in case (iii) 

the hierarchy among \M^\,m uu c, and ms disappears. So, three of the parameters become 
comparable with each other and no conclusion can be extracted in this case. 

• One-Loop Masses in ALR: 

In addition to the Z - 2 symmetry, a Z 3 symmetry is needed to set A 2 to zero. It should 
of course leave the Yukawa couplings A 3 and Ag in Eq. (E3) unaffected to generate one- 
loop neutrino mass, and Ai, A 4 and A 5 to generate masses for Standard Model quarks 
and charged leptons and exotics. This should be the case for at least some components 
of these couplings in flavor space. We know that the Z 3 symmetry should distinguish 
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between generations 
as follows: 



One of such allowed symmetry charge assignments could be 


^ 3 : 


[Q,d C L, 

h>L, h c L ,L , u c L 

c(i) 

— 1 c(i) 

Ul -» 

V U L I 

H c{l) _ 

■a , 

H W- 

> tT 1 # (1) , 

Sf> - 

> ri _1 9 c(1) 


« 


rt[Q,<e L ,h L ,K,L,vif 


]{ c ( 2 ) // c ( 2 ) ]{ c ( 3 ) ]{ c (3) 

H (2) -> , H (3) -► tf (3) , 

g c ( 2 ) ^ g c ( 2 ) cj c (3) ^ „ g c (3) 

L L ’ L > L 1 


(5.1) 


where 77 s = 1 and the numbers inside the parentheses represent generations. The 
masses for quarks, charged leptons and exotics are given as 


m u = Xf(N c ®), m d = \f(N®), m e = Af (7V«>, 

m h = Xf(S<% 7n E = X\ jl (S c ^), m N = X[ jl (S c W). (5.2) 


There are two one-loop diagrams as shown in Fig. |T| which contribute to the Dirac mass 
generation for 1 A trilinear scalar vertex is involved in the one-loop diagrams. We 
take Ah and A d as the trilinear soft supersymmetry-breaking coefficients for 1iLh c L S1 
and dLd c L NLi respectively. Only A 3 , A 4 , A 5 and Xq are involved in the one-loop diagrams. 
If we take the mass of h L as the typical SUSY breaking scale mi/ 2 , then the one-loop 
neutrino mass is obtained by adding two diagrams in Fig. |T| 


m 


1 —loop 

W c 


1 —loop(a) . 1—loop(b) 

= m vu c + mn vv c 

_ A h Xf 3 Xf j 7n b 
32tt 2 


(5.3) 


where we have assumed the soft supersymmetry-breaking squark masses participating 


in the one-loop diagrams are given as 


2l| m, ( j ~ m~ h ~ 3 mp 2 and A h = A d . In order to 
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obtain neutrino masses less than 0.1 eV, a bound AlpAg 3 - 7 < 7 x 1CT 9 must be imposed 
for all i,j when Ah is taken of order one. This is not substantially smaller than typical 
Yukawa couplings. 

As discussed above, having a Dirac mass for neutrinos less than an eV requires recon¬ 
sideration of the case (i) of section Hv] under the new hierarchy ms -C ml u l oop rs./ m 3 l 
and makes the other cases irrelevant or inconclusive. It is not possible to give some 
useful analytic expressions for the masses and states unless a specific relation between 
and ml~l oop is set. For illustrative purposes, if Mf = 3 ml~l oop is chosen, the 
physical states under the assumption ?n s -C Mf = 3rnl~l oop become 

K) - -j= (\vl) + K) ~ . M i - rnl~l oop , 

b ) - -j= (\vl) ~ K) ~ , M 2 - ~ml~l oop , 

ks) - y|^) + + | SI), M 3 ~ 3ml~l oop , (5.4) 

where now C, = ms/ m lvc° ov is implied. We still have two states zq i2 showing a bi- 
maximal mixing between the active vl neutrino and v c L where as the sterile state SI 
appears as separate. Since the masses lie in the acceptable range, it would be possible 
to obtain 3+2 structural models. 

• One-Loop Masses in Inert: 

There are some differences between the two models in terms of the required Z 3 charge 
assignments. Firstly, since both m' s and M^ L depend on m' ul ,c linearly in the Inert 
case, the DS method doesn’t change the hierarchy among them. So, there are only 
the three cases as discussed in section m after the discrete symmetry is imposed. 
Secondly, an even Z 3 charge can be assigned to u c L for three generations since the A 6 
term of Eq. m is invariant under 577(2)/ and it can be eliminated by Z 3 invariance 
without leading to any problems. Lastly and most importantly, unlike the ALR case, 
the An term of Eq. (12.31) is not invariant under 577(2)/ symmetry and is combined 
with the A 4 term (we relabeled both as \[ in Eq. (ED). Thus, it is not possible to 
eliminate the tree-level Dirac mass term (An) for active neutrinos unless some further 
assumptions are made, since eliminating the An term would also eliminate the mass 
terms for N L and F+. 
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2: The one-loop Dirac masses for vffv 0 ^. The indices a and (3 run over first two generations. 


The assumption needed could be to take the vev’s of H c zero for the first two gener¬ 
ations and giving mass to the up-quarks from H C A) whose vev is assumed non-zero. 
Then the following charges could be assigned to the fields 

Z 3 : [Q, dl, h L . hi, L, vlf - r, [Q, d%, h L , h% L, , 

H C W _> rjH 0 ^ , h * 2) -> 7]H c (2) , H c{ ~ 3) -»■ tT 1 # c(3) , 

(1) -> r/i/ (1) , H (2) -> , tf (3) -»■ r/' 1 i/ (3) , 

^ (1) - r l sf ] , si 2) ^sf\ sf>^vSf>, ( 5 . 5 ) 

where 

m u = A (p(lV c(3) >, m d = \'* ia (N {a) ), m e = 

m h = \'i j3 (S c W), m Ea>Na = X'^(S C ^), m E3tN3 = \'i jl (S c M). ( 5 . 6 ) 


Here a runs over the first and the second generations. Then, one-loop diagrams giving 
non-zero Dirac neutrino masses are shown in Fig. [21 Under the same assumptions as 
in ALR case for the calculation of the one-loop integrals, we get 


m 


/l—loop 
vv c 




/l—loop(a) . /I—loop(b) 

m uu c + m vv c 

A h \ ,3j3 \'* a m b 

32vr 2 


(5.7) 


where a = 1, 2. To get a Dirac mass m^~J oop < 0.1 eV we need to impose the bound 
A^Ag 3 " < 7 x 10 -9 for a = 1,2. Here, unlike the ALR case, it is possible to set 
separate bounds on A ' 3 3 “ 3 and Ag 33/3 using fact that they give masses to the hj J and 
bottom quark, respectively. These bounds, however, become weaker. Having Dirac 
mass in the eV range makes the mostly sterile state |z/ 3 ) in all three cases too light to 
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be detected. The other two states in each case have the large mixing problem. As in 
the non-SUSY case, the DS method is only able to explain the smallness of the Dirac 
neutrino mass and not the mixing. 


B. The Higher Dimensional Operators Method 


This method adds higher dimensional interactions to the Lagrangian, which can substan¬ 
tially modify some of the fermion mixings. Due to the compactification scale suppression 
factor (~ 10 19 GeV), it is sufficient to consider only dimension-5 interactions. The method 
also requires the existence of intermediate scales set by some SU(2)l singlet Higgs fields 
from 27 representation of E e . So, there will be A£-like and 0g-like scalars (Hi and H$) 
for the ALR model and an Hp -like Higgs doublet for the Inert model. 4 The vev’s of these 
fields are written as (Sf) = Ai and (4>s) = A 2 . Here 0s could be replaced with z>£. The 
dimension-5 interactions can be written as 


4 5> = l^-V> T (27) £ H (27) C H t ( 27) £ V>(27), 


(5.8) 


where M c is the compactification scale ( 10 19 GeV) and the Higgs field H(27) stands for 

-e 0 


both S r L and 0s. Here C is the charge conjugation matrix defined as C = 


and 


0 e 


we adopt the chiral representation and e = ia 2 , where cr 2 is the Pauli matrix. 

The new interactions do not sizably modify any interaction terms in the fermion mass 
matrices with the exception of the z/£ — A£ submatrix. The matrix in the (isl, z/£, Sj ) basis 
then becomes 


M 5 = 


0 


\ 


Trig 

Ki K n 
y ms K V2 K 2 J 


m,. 


(5.9) 


where K, = fjj-, i — 1,2 and A' 12 = 2y/KiK 2 . We keep the discussion in this section 
general and applicable to both the ALR and Inert models unless stated. Furthermore we 
note that the term in (3,3) entry of the above matrix is negligible with respect to K 2 . 


4 We will assume that all Higgs fields of 27 whose vev’s are at the electroweak scale have corresponding 27 
Higgs fields with vev’s at the same scale. All Higgs fields from the 27 representation will have opposite 
quantum numbers with respect to the fields in the 27. 
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We now consider three cases: (a) the case in which there is only one intermediate scale of 
the order of 10 12 GeV (i.e. Ai = A 2 ), (b) the case in which Ai is much smaller than A 2 and 
is of the order of 1 TeV and (c) the case in which A 2 is much smaller than Ai and is of the 
order of 1 TeV. 

Case (a) with Ai = A 2 ~ 10 12 GeV makes K\ and K 2 (and thus AT 12 ) much bigger than 
the other entries of the matrix and of the order of 10 5 GeV. Here we are assuming the 

coupling constant / is of the order of unity. With big Majorana masses for v c L and S C L , 

these states decouple. One light and two heavy physical states are expected. Under the 
assumption ms -C -c K\ = K 2 the states are 

ki,2> - V (K) ± I Si)) , M&(K, = K 2 ) ~ 3 Kn-I<u 

M - Wl) + |K> - y |5£>. Mi(I< 1 = I< 2 ) ~ 2 K U (5.10) 

where ( = and is of order 1 CT 8 , and the orthonormality of the states is guaranteed up 
to 0(() since C 2 and higher terms are not included. The z/£ and S C L components of v 3 are 
shown because their mixing with ul is order of ( ~ 10 -8 , which is too small to be relevant. 
We get a seesaw-like small Majorana mass ( K j = K 2 ) ~ |C 2 ATi for which is around 

3 x 1CT 3 eV. Thus, consideration of case (a) with Ai = A 2 ~ 10 12 GeV gives rise to a single 
state having acceptable eV range mass with negligible active-sterile mixing. Furthermore, 
SI and z/£ appear as two distinct flavor states in z/ 3 . 

The above results show that, in order to have two light states with significant active-sterile 
mixing, there should be a substantial hierarchy between A '1 and K 2 in order that only one 
of the states |^i, 2 ) decouples, which leaves two light states. We now consider case (b) in 
which Ai is much smaller than A 2 . This also leads to a large ul Majorana mass since m uu c 
is fixed by the model to be of order 1 MeV. Thus this case is not realistic. However, one 
can consider the opposite case, case (c), where A 2 is much smaller than Ai so that K 2 will 
be much smaller than both K\ and m uu c . 5 In this case the approximate states and masses 
become 

h) ^ K>, W(K 2 « Ad) ~ A£, 

5 I\ 2 may be comparable with ms but still big enough to neglect the term in (3,3) entry of the mass 
matrix in Eq. iTTH . 
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W - 7tT tt 3 Kl^) + 2A \ S D) ■ M Z( K * « * 1 ) - -C 2 A'., 

VC + 4A 2 

\u 3 ) ~ 7? ^= (-2A\v L )+C,\Si)), ~M^{I \2 « A'i) ~ -A 2 Ki (5.11) 

VC 2 + 4A 2 

where A = ^ is used. From above one can define the mixing angle between active and 
sterile neutrinos as tan# = 2 A. 

Let us consider A 1 ~ 10 11 GeV, A 2 ~ 1 TeV and ms ~ 0.01 eV (which does not affect 
the masses and the mixing angle much unless ms is of the order m uu c). Then ( and A are 
of the order of 10 - ' and 10~ 8 , respectively. From Eq. (I5~TT1) . with the set of values taken for 
the parameters above, we have Mf 7 = 10 4 GeV, and zq and z/£ decouple from the others. 
The masses for z / 2 and u 3 are approximately 0.1 eV and 2 x 10 ~ 3 eV, respectively, with 
tan# ~ 0.19 (# ~ 10.6°, which is big enough to produce the active-sterile mixing required 
by the LSND data). Indeed, unlike the masses, the mixing angle is very sensitive to the 
exact value of K 2 . The above values are for K 2 = 2 x 10 ~ 3 eV. Taking 10 ~ 3 eV instead 
would render the angle half as large. However, the mass for zq becomes 2 x 10 ~ 3 eV while 
leaving M 2 (K 2 K\) unchanged. The main point is that it is possible to have two light 

states having both active and sterile components with small mixing compatible with the 
solar, atmospheric and LSND neutrino experiments. 

We comment on the case with A 2 = 0 as a limiting case of the above discussion. The 
important feature is that the coupling between z/£ and S C L disappears. This renders the 
above z /3 state even lighter 6 and leaves the other states unchanged. However, the v 2 and 
z / 3 states of Eq. will be completely different. z / 3 will be almost a pure S C L state and 

decouples when ms is considered negligible (and taken to be zero). The z / 2 and zq states 
have a very small mixing, of the order of ( ~ 10~ 7 , between zq, and z/£. For the case 
where ms is not negligible, we should take into account \, which is in the ALR 

2 m ' yji f 

model and — W eeC in the Inert case. The only modification will be in v 2 and z / 3 states 

m EE c 

and, in order to have masses smaller than 1 eV, Ah£ is allowed to be at most one order 
of magnitude bigger.' However, in this case the mixing between active-sterile flavor states 
would be too small (< 3°) while the masses are ±0.1 eV. Let us consider the case where 

6 As a matter of fact, it is massless unless the Mg' term is included. So, negligible Mf with respect to ms 
is considered below. 

7 ms is assumed to be around 0.01 eV. As before, masses around 1 eV give physical masses also close to 1 

eV and very large mixing. 
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Mg is at least two orders of magnitude smaller than ?%. For Ai ~ 10 11 GeV, the masses 
of z / 2 and u 3 are 0.1 eV and 1CT 3 eV, respectively with tan# ~ 0.1 (9 ~ 5.7°). So, this case 
also yields a framework with two light states with almost fixed active-sterile mixing angle 
regardless of how small the Majorana mass of is. However, the case with non-zero but 
small A 2 compared to Ag yields a mixing very sensitive to the value of Jt 2 mainly due to 
the existence K i 2 coupling in the matrix. The possibility of having A 2 = 0 (or, in general, 
one of vanishing scale) has an advantage over the other cases discussed above as it may not 
always be possible to have two intermediate scale vev’s for both of the singlet fields whose 
masses could be nonzero. 

The discussion in this section can be generalized to three generations in a straightforward 
manner. However, one must be concerned about dangerous flavor changing neutral current 
interactions. Since the Higgs sectors of the models include three sets of Higgs bosons, one 
for each generation, the Glashow-Weinberg theorem 34] will be violated leading to tree- 
level flavor changing neutral currents mediated by neutral Higgs bosons. In addition, lepton 
universality will be broken due to mixing between leptons and the SU(2 )^^/) gaugino. 
One can, of course, fine-tune the relevant couplings or make the relevant Higgs fields very 
leavy, but these solutions are unnatural. There are alternatives discussed in the literature 
36j ]. If one chooses a basis such that only one neutral Higgs field, say the third generation 
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held, gets a vev, and one also considers a discrete symmetry which distinguishes between 
generations, then there will be no mediation of flavor-changing neutral currents between the 
first two generations. This can be achieved by assigning even parity for the third family Higgs 
fields and odd parity for those of the first two families. A classification of such generational 
symmetries has been done 3(J. Unlike the quark sector, it is not possible to remove all 
flavor changing neutral interactions from the lepton sector within the above framework. 
Bounds on such interactions involving the tau sector are much weaker than those involves 
muon-electron interactions, and such models may be phenomenologically acceptable. 

We note that the discussion in this study can also be carried out within the context of the 
Additional Neutral Fermion (ANF) method. This would have results similar to the HDO 
method. However, our main point is to show that, in the neutral lepton sectors of the ALR 


8 Indeed, it doesn’t matter how small M% is. The mixing angle is not sensitive to the parameter and 
is very stable. M% doesn’t affect much the masses of and either. So S C L can be safely considered a 
pseudo-Dirac particle. 
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and Inert models, it is possible to have a framework in which sterile neutrinos exist naturally 
having small mixings with the active neutrinos, consistent with the LSND result. As shown 
above, the HDO method allows us to realize such a framework and so it is unnecessary to 
extend the discussion to the more complicated ANF method as well. 


VI. CONCLUSIONS 


It is possible that ongoing neutrino experiments, such as MiniBooNe, will make the 
necessity of one or more sterile neutrinos unavoidable. A feature of E 6 models is that the 
fundamental representation of the group contains a number of isosinglets that would be 
natural candidates for such neutrinos. It is important to analyze these models to see if the 
various neutral fermions can give rise to an acceptable phenomenology. In an earlier paper 
jl^ |. we considered E 6 subgroups which contain an extra SU( 2) group, concentrating on the 
Alternative Left-Right (ALR) and Inert models, and we examined the neutrino spectrum in 
a non-supersymmetric framework. 

In that paper [jj]], it was shown that both the ALR and Inert models predict neutrino 
sectors which are phenomenologically unacceptable. The lightest state always contained only 
isosinglets, and each generation contained isodoublet neutrino states with masses of the order 
of the Q — 2/3 quark mass. Three methods that alleviated these problems were discussed. 
The first was the Discrete Symmetry (DS) method, in which a discrete symmetry is imposed 
to eliminate the tree-level Dirac mass. Dirac neutrino masses can only be generated at one- 
loop, and the parameters can easily be adjusted to give masses in the correct mass range. 
However, there were still very light isosinglet masses, and no mixing with the isodoublets. 
The second method, the Higher Dimensional Operators (HDO) method, required additional 
Higgs fields and an intermediate scale. This method used dimension-5 operators to remove 
the very light isosinglets and thus the lightest neutrino states were isodoublets in the correct 
mass range. An interesting feature of this model was that the coupling of the isodoublet 
neutrinos to the W-boson is somewhat suppressed. Finally, the Additional Neutral Fermion 
(ANF) method required the existence of new particles as well as discrete symmetries and 
was able to accommodate mixing between the light isodoublet neutrinos and the sterile 
neutrinos. 

In this paper, we have considered the supersymmetric version of the ALR and Inert 


22 


models. An attractive feature of the supersymmetrization of the models is that the Higgs 
fields can be taken to be supersymmetric partners of some of the exotic neutral fermions in 
the 27-plet. The ALR and Inert model symmetries then constrain the allowed terms in the 
superpotential. If one assumes that R-parity is conserved, then one finds the mass matrix 
divides into two sectors. In the R — +1 sector, the active neutrino gets a large mass, of 
the order of the Q = 2/3 quark mass, and mixes maximally with the isosinglet z/£. In the 
R — —1 sector, one finds two heavy states and one very light isosinglet state. Thus one 
has the same problems as in the non-supersymmetric case. However, there is an interesting 
alternative. It is possible to mix the two sectors through soft R-parity violating terms. 
Several cases were analyzed, and it was found that the mass and mixing problems still exist. 
The only change is that there can now be a small mixing between the active neutrino and 
one of the isosinglet neutrinos. 

Thus, it was necessary to go beyond the minimal content of these models. In the Discrete 
Symmetry method, a discrete symmetry, which is generation-dependent, was used to elimi¬ 
nate the Dirac neutrino mass at tree-level. As in the non-supersymmetric picture, one-loop 
corrections can give a mass in the right mass range. Mixing with the isosinglet z/£, however, 
remains maximal, and there is no substantial mixing with other isosinglet neutrinos. We 
next considered the Higher Dimensional Operators method, in which an intermediate scale 
is introduced, as well as some isosinglet Higgs fields from a 27 representation of E 6 . Various 
cases were considered, and it was shown that a fully acceptable model, with masses and 
mixing angles in the phenomenologically preferred region, can be obtained. We also briefly 
discussed the generation of tree-level flavor-changing neutral currents due to the prolifera¬ 
tion of Higgs doublets in the models, and noted that the currents can be eliminated in the 
quark and (e — /i) sectors, but not entirely in the r sector. 
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APPENDIX 


In this Appendix, we give the masses and the corresponding states for the case in which 
^-parity is included in the ALR model. We give the description for ALR but the results 
apply for Inert as well. The results are summarized in Table UTl We would like to comment 
on the assumptions used to get these results. Recall that Ml = 2 A 1 W 3 m ee c/mEE c - 


TABLE II: The eigenstates and masses through ^parity for different hierarchies among ms,Ml, 


and m ul ,c. Here £ and 0 are defined as 


™S 


and 


Ml 

6 m^c 


2 + 


g 2 -2 

V^T 2 


, respectively. 


Cases States Masses 

Light l^s) ^ | SI) Ml ^ 

ms <C \Ml\ <C m vu c 

Heavy \u^ 2 ) ^ -M (|^ L ) ± | u c L )) M^ 2 ~ ±m vv c 


\M^\ < ms < m i. 


Light \v 3 ) ^ | Si) - £K) Ml ~ (I - |e 2 ) 

Heavy \u 1:2 ) ^ M ^ 2 ~ ±m vv c (l + ±£ 2 ) 


Light |z/ 3 ) 


-tlA)+|gf) 

V^+e 


T\/fL ~ _J_ 2 ~€ \ 

M 3 - 3 m EE c U + 


|Mg'| <C ms ~ m v 


„ , \ (vWhL>±h£)+e|S£>) 

Heavy \u^ 2 ) ^ A - y/2{i+e) - - Ml 2 ~ m ^ c V 1 + £ (±1 + @) 


For the case (i), mj |Mf| <C m^c, we keep only 0(Ml/m vu c) and 0{ms/Ml ) terms 
but not terms 0{ins/m vu c ) and 0{ms/Ml). The next order correction to the masses and the 
states listed in Table UTl are of the order 0 ((ms/Ml) 2 ) and 0 (ms/m uu c ) which are presumed 
very small and negligible. Due to the absence of 0(ms/Ml) terms in mass eigenvalues, v 12 
does not have a ££ component. 

For the case (ii), Ml | -C ms -C m ul/ c , only 0(ms/m vu c) and 0{Ml/ms) terms are kept, 
such that the orthogonality of \v\) and \v 2 ) is satisfied up to the order of ) 2 . If m vv c 

is allowed to have values less than eV, the physical neutrino states z / 12 in the second row of 
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Table HU would give a 3 + 1 structure. This requires extreme fine-tuning. Furthermore, we 
should note that the sterile state |z/£) + mixes maximally with | ui), which would be 

inconsistent with the constraints from the LSND result. In this case has a small mixing 
with z/£. The lightest state u 3 could have the desired light mass, but it is totally sterile and 
has no chance to be detected. 

Finally, the case (iii), |Mg | -C m$ ~ m^c, which is possible when we consider fairly 
large soft-term couplings Ha , is obviously a modification of the case (ii) when m vu c and ms 
are comparable. To get the results given in the third row of Table HU we neglected terms 
of orders 0{\M^\/m vv c) and 0{\M^\/ms). The sterile state is now composed of z/£ and S C L 
mixing almost maximally and the almost purely sterile state indeed has an active component 
whose mixing is proportional to 0{\M^\/m vu c). Their masses are also modified accordingly. 
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